Voltage-induced ferromagnetic resonance (V-FMR) in magnetic tunnel junctions (MTJs) with a W buffer is investigated. Perpendicular magnetic anisotropy (PMA) energy is controlled by both thickness of a CoFeB free layer deposited directly on the W buffer and a post-annealing process at different temperatures. The PMA energy as well as the magnetization damping are determined by analysing field-dependent FMR signals in different field geometries. An optimized MTJ structure enabled excitation of V-FMR at frequencies exceeding 30 GHz. The macrospin modelling is used to analyse the field-and angular-dependence of the V-FMR signal and to support experimental magnetization damping extraction.
I. INTRODUCTION
Magnetic multilayer structures are commonly utilized as key elements of magnetic field sensors 1 and magnetic random access memories 2 . A stack structure similar to the one used in existing applications and related physical mechanisms, such as magnetoresistance effect and spin-transfer-torque (STT), can be used for future microwave solutions, for example spin torque oscillators 3 or microwave detectors 4 . One of the main drawbacks of the existing technologies is a relatively high current used in the STT-based devices. In order to reduce the power consumption of such devices, a few alternative solutions have been proposed, including spin-orbit torque 5, 6 and electric-field controlled magnetism 7, 8 . The latter typically requires structures with relatively thick insulators for application of a significant electric-field at the insulator/ferromagnet interface.
Recently, a few different mechanisms have been proposed to maximize the effect of an electric field on magnetic properties of materials, including diluted magnetic semiconductors 9 , nitride semiconductors 10 , charge migration in multilayers 11 and voltage controlled magnetic anisotropy (VCMA) in metallic thin films 12 . It has been already presented that, by utilizing the VCMA effect, driving the magnetization into a precession at several GHz is possible 13 , which is promising for high-frequency devices.
In this work we present studies on CoFeB/MgO/ CoFeB-based MTJs deposited on a W buffer 14, 15 . Using a relatively thin CoFeB bottom free layer and different annealing temperatures, high perpendicular magnetic anisotropy (PMA) energies of up to 1.5 MJ/m 3 are achieved, which, in turn, enables voltage-induced ferromagnetic resonance (V-FMR) excitation at frequencies exceeding 30 GHz. In addition, the V-FMR measurements in combination with vector network analyser ferromagnetic resonance (VNA-FMR) investigation 16, 17 were used to determine the magnetization damping in the discussed multilayers. 
II. EXPERIMENT
Multilayers of the following structure: W(5)/ CoFeB(t CoFeB )/ MgO(1.8)/ CoFeB(5)/ Ta(5)/ Ru(5)/ Pt(2) (thickness in nm) were deposited using magnetron sputtering in a similar conditions to Ref. 18 . Two thicknesses of the free layer, i.e., t CoFeB = 0.9 and 1.2 nm, were investigated. After the deposition process, magnetic properties were determined with VNA-FMR in 10 × 10 mm samples by analysing the frequency vs. perpendicular magnetic field dependence using the Kittel relation f = γ/(2π) √ BH, where H is the external magnetic field and B is the magnetic field induction. Measurements were repeated after subsequent sample annealing in high-vacuum furnace at T A = 200, 250, 300 and 350
• C. Independently, the same multilayers were fabricated into pillars of 2 × 4 µm 2 using electron-beam lithography and ion-beam milling for transport measurements. The transport properties were measured in a probe station that enabled sample rotation at azimuth (θ) and polar (φ) angle with respect to the sample plane, in a magnetic field of up to 1 T with a broadband electrical contact. Both quasi-static (resistance vs. magnetic field) and dynamic measurements (DC mixing voltage vs. magnetic field) were performed using a two-point method. Table I .
III. RESULTS AND DISCUSSION
First, we focus on the wafer-level investigation using VNA-FMR. Resonance frequency (f ) vs. perpendicular magnetic field curves of samples with different thicknesses of the free layer (t CoFeB = 0.9 and 1.2 nm) are presented in Fig. 1 . Experimental points were modelled using the Kittel relation with a CoFeB saturation magnetization value of µ 0 M S = 1.6 T 14 . The PMA energies (K PMA ) resulting from fits to the model are gathered in Table  I . Assuming an infinite-plane sample configuration, the demagnetization energy density
3 , resulting in an effective perpendicular anisotropy for the sample with t CoFeB = 0.9 nm for T A 250
• C and for sample with t CoFeB = 1.2 nm for T A > 300
• C. The PMA energy of the sample with t CoFeB = 0.9 nm annealed at T A = 350
• C evaluated from the TMR dependence on the magnetic field applied in the sample plane 18 is K = 1.47 MJ/m 3 , which is in good agreement with the values obtained from VNA-FMR.
From the same type of measurements, the free layer magnetization damping (α) was calculated from the linewidth (∆H) vs. f slope according to the following Eq.;
where γ = 1.76×10 11 Hz/T is the gyromagnetic ratio and ∆H 0 is the inhomogeneous broadening
19 . An example of the ∆H vs. f dependence for the sample with t CoFeB = 1.2 nm annealed at T A = 300
• C is presented in Fig. 2(a) . The calculated α for all samples is presented in Fig. 2(c) . The values obtained for the sample with t CoFeB = 1.2 nm agree well with the W/CoFeB sample of similar thickness reported in Ref. 20 . One can also note a tendency of α to increase with decreasing thickness of CoFeB 21 . Next, we move on to the transport measurement on the fabricated sample. The crystallization process of CoFeB (initiated from the MgO tunnel barrier) starts after annealing at 250
• C 22 . Therefore, we begin the analysis of the V-FMR signal for the samples annealed at this temperatures. The tunnelling magnetoresistance ratio of the fabricated MTJ reaches 40% (measured between an orthogonal and parallel CoFeB magnetization orientations) and the resistance-area product is around RA = 40 kOhm*µm 2 . Figure 3 (a-i) presents DC voltage (a result of a small AC current mixing with resistance change originating from the VCMA) V mix as a function of the magnetic field applied at an angle θ = 60
• from the sample plane. The resonance peak at higher (smaller) field originates from the free (reference) layer. This dependence was modelled using a sum of two symmetric and asymmetric Lorentz curves:
where H r1 (H r2 ) is the resonance field of the free (reference) layer at a given f , V S1 and V A1 (V S2 and V A2 ) are the amplitudes of the symmetric and antisymmetric Lorentz functions of the free (reference) layer and ∆H 1 (∆H 2 ) is the linewidth of the free (reference) layer. Fitting the ∆H 1 and ∆H 2 vs. f dependence enabled us to calculate the damping of the free and the reference layers independently - Fig. 3(j-k) . The results agree well with α obtained using the VNA-FMR method and are included in Fig. 2(c) .
Within the limit of the available magnetic field of up to 1 T, for the MTJ annealed at 250
• C the maximum resonance signal was measured for around f = 20 GHz, depending on the magnetic field configuration 23 . In order to increase the resonance frequency, the fabricated sample was further annealed at 300
• C, which enhanced the PMA energy. The V-FMR signal measured at a nearly perpendicular field (θ = 85
• ) is presented in Fig. 4(a-i) . A much better signal-to-noise ratio was obtained for an azimuth angle φ = 0
• , resulting in a symmetric lineshape, contrary to the signal presented in Fig. 3(a-i) , where φ = 90
• resulted in an asymmetric signal. In the general case, the lineshape depends on the angle of the free layer magnetization vector projection on the sample plane and the reference layer magnetization, which, in our case is defined along the y axis (Fig. 3(l) ) 24 . We also note that, contrary to the previous studies of V-FMR in MTJs 25,26 , the lineshape is only little affected by the bias voltage (V B ), which is due to strong PMA in our devices - Fig.  4(j-n) . Therefore, magnetic anisotropy changes induced by static bias voltage are weak comparing to high PMA energy.
To understand the angular dependence of the V-FMR and to confirm the magnetization damping analysis, the macrospin simulations were performed. We used LandauLifshitz-Gilbert equation, where voltage excitation was modelled as sinusoidal changes of K PMA . This, in turn, contributes an alternating term to the effective field, which determines magnetization dynamics. Afterwards, MTJ resistance is calculated and multiplied by the assumed leakage current associated with the applied voltage, resulting in V mix , in the same way as in the experimental procedure. We used a similar approach previously in V-FMR spin diode effect modelled using micromagnetic simulations 27 . The simulated dependence of the linewidth vs. f for different K PMA is depicted in Fig. 2(b) . A strong deviation from the linear dependence is observed for high K PMA , which is a result of a significant non-collinear direction of the magnetic field and magnetization in this case presented in Fig. 2(d) . At the same time, magnetic fields sufficient to saturate the sample would increase the effective field to the level where the VCMA excitation would no longer be strong enough to induce significant magnetization dynamics 27 . Therefore, we limit the V-FMR investigation to samples annealed at 250 and 300
• C.
IV. SUMMARY
In conclusion, ferromagnetic resonance in W/CoFeB/MgO/CoFeB was investigated by means of wafer-level vector network analyser FMR and voltageinduced FMR in patterned devices. Both the CoFeB thickness and the thermal treatment influence magnetic anisotropy, which reaches a value of 1.5 MJ/m 3 , which is well above demagnetizing energy. Resonance signals from both the reference and the free layer are analysed, allowing for magnetization damping determination. For thin CoFeB free layers the damping between 0.01 and 0.02 was measured, independent on annealing conditions, which is approximately double of the thicker reference layer damping. V-FMR in the MTJ annealed at 300
• C is measured up to a high value of f = 31 GHz.
